Synovial fibroblasts freshly isolated from the rheumatoid joint are characterized by their marked connective tissue degradative ability. This phenotype includes the ability to secrete large amounts of the matrix-degrading metalloproteinases, collagenase, and stromelysin. We have found that another aspect of this phenotype is the constitutive expression at both protein and mRNA levels of a 92-kD gelatinolytic metalloproteinase, which is not secreted by normal dermal or lung fibroblasts and is immunologically cross-reactive with a type V collagenase expressed by activated macrophages and neutrophils. Expression of this 92-kD metalloproteinase confers upon the fibroblasts the capacity to degrade collagenase-and stromelysin-resistant interstitial elements, such as collagen types IV, V and XI. In contrast to the 92-kD metalloproteinase, a 68-kD gelatinase (type IV collagenase) was expressed by all fibroblast types studied, indicating that its regulation is distinct from that of the 92-kD gelatinase. To identify what cytokines may be important in the induction of the rheumatoid synovial phenotype, including expression of the 92-kD gelatinase, we exposed normal dermal fibroblasts to a number of cytokines including many known or considered likely to be present in rheumatoid synovial fluid and tissue. Although IL-10, tumor necrosis factor-a, lymphotoxin, platelet-derived growth factor, and basic fibroblast growth factor were capable of stimulating fibroblasts to secrete collagenase, only tumor necrosis factor-a, lymphotoxin, and IL-1,B were able to induce expression of the 92-kD gelatinase, demonstrating discordant regulation of the two metalloproteinases. Expression of the 68-kD gelatinase was independent of that of the 92-kD gelatinase, as demonstrated at the protein and mRNA levels. Late passage rheumatoid synovial fibroblasts, which no longer constitutively expressed the 92-kD gelatinase, displayed an accentuated response to IL-1, when compared to normal dermal fibroblasts. Thus, in addition to IL-1B, tumor necrosis factor-a or lymphotoxin may contribute to the expression of a specific rheumatoid synovial phenotype in vivo This work has previously been presented as an abstract in 1990 (Arthritis Rheum. 33:S150).
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Synovial fibroblasts freshly isolated from the rheumatoid joint are characterized by their marked connective tissue degradative ability. This phenotype includes the ability to secrete large amounts of the matrix-degrading metalloproteinases, collagenase, and stromelysin. We have found that another aspect of this phenotype is the constitutive expression at both protein and mRNA levels of a 92-kD gelatinolytic metalloproteinase, which is not secreted by normal dermal or lung fibroblasts and is immunologically cross-reactive with a type V collagenase expressed by activated macrophages and neutrophils. Expression of this 92-kD metalloproteinase confers upon the fibroblasts the capacity to degrade collagenase-and stromelysin-resistant interstitial elements, such as collagen types IV, V and XI. In contrast to the 92-kD metalloproteinase, a 68-kD gelatinase (type IV collagenase) was expressed by all fibroblast types studied, indicating that its regulation is distinct from that of the 92-kD gelatinase. To identify what cytokines may be important in the induction of the rheumatoid synovial phenotype, including expression of the 92-kD gelatinase, we exposed normal dermal fibroblasts to a number of cytokines including many known or considered likely to be present in rheumatoid synovial fluid and tissue. Although IL-10, tumor necrosis factor-a, lymphotoxin, platelet-derived growth factor, and basic fibroblast growth factor were capable of stimulating fibroblasts to secrete collagenase, only tumor necrosis factor-a, lymphotoxin, and IL-1,B were able to induce expression of the 92-kD gelatinase, demonstrating discordant regulation of the two metalloproteinases. Expression of the 68-kD gelatinase was independent of that of the 92-kD gelatinase, as demonstrated at the protein and mRNA levels. Late passage rheumatoid synovial fibroblasts, which no longer constitutively expressed the 92-kD gelatinase, displayed an accentuated response to IL-1, when compared to normal dermal fibroblasts. Thus, in addition to IL-1B, tumor necrosis factor-a or lymphotoxin may contribute to the expression of a specific rheumatoid synovial phenotype in vivo This work has previously been presented as an abstract in 1990 (Arthritis Rheum. 33:S150).
Introduction
In rheumatoid arthritis, inflammatory cells such as activated macrophages and T cells interact with resident stromal cells of cartilage and bone resulting in destruction of the extracellular matrix and joint dysfunction ( 1) . These interactions are probably mediated in large part by cytokines secreted by activated macrophages (2), such as IL-11I (3) , tumor necrosis factor (TNF-a)' (4, 5) , and transforming growth factor-a (TGF-a) (6), and lymphocyte products, such as interferon-gamma (IFN-y) (7) and lymphotoxin (LT or TNF-,B) (8) . Among these cytokines, some may be directly responsible for causing the normally quiescent synovial fibroblast to attain an aggressive matrix-degrading phenotype, which includes the ability to secrete large amounts of the metalloproteinases, procollagenase (9) , and prostromelysin (10) . The secretion of these enzymes confers upon the fibroblasts the capability of degrading many constituents of the extracellular matrix, including interstitial collagen types I-III (1 1), fibronectin, laminin, and proteoglycan (12). Other enzymes probably contribute to the breakdown ofcartilage and bone manifested in rheumatoid arthritis, either by accelerating the degradation of these matrix components or by digesting stromelysin (SL-or collagenase (CL)-resistant matrix elements.
In the present study, we have found that another aspect of the rheumatoid synovial fibroblast phenotype is the constitutive expression of a 92-kD gelatinase (GL) that is not secreted by normal dermal or fetal lung fibroblasts. The 92-kD GL is immunologically cross-reactive with, and may be identical, to a number of reported gelatinases ranging from 85 to 92 kD, which share substrate specificities and are secreted by activated macrophages and neutrophils (13) (14) (15) . As such, the 92-kD GL is capable ofdegrading collagen types IV, V, and XI, which are resistant to digestion by CL and SL, and denatured collagens (gelatin) ofmany types (15, 16 
Methods
Cell culture. Rheumatoid synovial fibroblasts were isolated from freshly dispersed synovium of patients with rheumatoid arthritis, as previously described with minor modification (17) . Briefly, the superficial layer of synovia was dissected, minced, and incubated with frequent pipetting for 60-90 min in 4 mg/ml clostridial collagenase (Worthington Biochemical Corp., Freehold, NJ) and 0.1% DNase I (Sigma Chemical Corp., St. Louis, MO) in DME at 370C. An equal volume of 0.25% trypsin was then added for an additional 30 min. Liberated cells were washed twice in 50% PBS-50% DME + 15% FBS and seeded at I0 -I0' cells/100 mm tissue culture plate in DME-FBS. Nonadherent cells were removed by vigorous washing at 24 h. Alternatively, when surgical specimens were small, fibroblasts were obtained from explant cultures of 1-2 mm3 pieces of tissue in DME-FBS. In both instances, cells were used after two passages to ensure exclusion of macrophages from the culture (2) . Normal human dermal fibroblasts were either obtained from the American Type Culture Collection (Rockville, MD) (CRL1471 or CRL1454) or from explant culture of normal human skin obtained from rhytidectomy. Normal human fetal lung fibroblasts (American Type Culture Collection, WI38) were also used. For experiments, all fibroblasts were used between passages 2-7 and seeded at 6.2 X 104 cells/cm2 in 48-well plates in DME-FBS for 24-72 h before washing and replacement in DME in the presence of 0.2% lactalbumin hydrolysate (Gibco Laboratories, Grand Island, NY) (DME-LH) for cytokine treatment or medium conditioning for 48-72 h. U937 cells, a line of human immature monocytelike cells (18) Zymographic analysis of metalloproteinases. Zymography of secreted proteins by electrophoresis in 10% SDS-polyacrylamide gels impregnated with 1 mg/ml type I gelatin from porcine skin (Sigma) was used to demonstrate the presence ofgelatinolytic metalloproteinases in conditioned media (25, 26) . Conditioned culture medium was mixed with Laemmli sample buffer containing 2.5% SDS without ft-mercaptoethanol and electrophoresed without boiling under nonreducing conditions. After electrophoresis, gels were washed in 2.5% Triton X-100 for 30 min to allow proteins to renature. Gels were then immersed overnight in metalloproteinase substrate buffer (50 mM Tris, pH 8.0, 2 mM CaCl2) at 37°C. Gels were then stained with Coomassie blue R250 to reveal zones of lysis within the gelatin matrix. 1,10 phenanthroline (2 mM), PMSF (1 mM) or pepstatin A (1 mM) was added to the incubation buffer to identify which classes of proteinases were responsible for lysis of the substrate in the gels (27) .
Immunoblotting. Conditioned media were electrophoresed in 7% SDS-polyacrylamide gels and transferred electrophoretically to nitrocellulose by the method ofTowbin et al. (28) . Filters were stained with a 1:100 dilution of either a rabbit polyclonal antibody, MH-1, prepared against the human neutrophil 92-kD GL (14) or normal rabbit serum overnight at 25°C. Following extensive washing, alkaline phosphataselinked anti-rabbit antibody (Boehringer Mannheim Corp., Indianapolis, IN) was applied for 30 min, followed by development using nitroblue tetrazolium and bromochloroindoyl phosphate, according to the manufacturer's directions (Promega Biotec, Madison, WI).
Collagenase assay. Collagenase activity in conditioned media was measured in the '4C-collagen fibril assay (29) following activation of media with trypsin (10 ,g/ml) for 30 min at 250C. 1 U of collagenase activity hydrolyzes 1 gg collagen/min at 370C. The collagen substrate was obtained by acetylation of purified calf skin collagen (Vitrogen, Collagen Corp., Palo Alto, CA) using ['4C]acetic anhydride (30) .
Northern blot analysis. Total cytoplasmic RNA was isolated from rheumatoid synovial or dermal fibroblasts using RNAzol (Cinna Biotecx, Friendswood, TX), according to manufacturer's instructions. RNA was separated on formamide/formaldehyde agarose gels (31) and transfered to nylon (Genescreen; Dupont Co., Wilmington, DE). A 2.3 kb Xba I fragment ofthe 92-kD GL (16) (generous gift ofG. Goldberg, Washington University, St. Louis, MO), a 380 bp NcoI fragment ofthe 68-kD GL (32) (kindly provided by Dr. E. A. Bauer, Stanford University, Stanford, CA), and two partially overlapping oligonucleotide probes designed according to the published sequence of collagenase (33) were 32P labeled by random priming (Boehringer Mannheim). Blots were hybridized at 42°C overnight and washed at 57°C in 0.2x SSC + 1% SDS for 1 h. To strip blots, nylon membranes were boiled for 3 min in water.
Results
Rheumatoid synovialfibroblasts constitutively express a 92-kD GL. Rheumatoid synovial fibroblasts were isolated as described in Methods and used after passage 2 when it has been demonstrated that cultures are free of macrophages (2) . Rheumatoid synovial fibroblasts derived from four patients, two primary dermal fibroblast lines (CRL 1471 and CRL 1454), and one fetal lung fibroblast line (W138) were seeded in DME-FBS 48 h before switching to serumfree DME-LH. Conditioned media were collected at 72 h. Electrophoresis of the conditioned media on gelatin substrate gels demonstrated that, whereas none of the normal fibroblast cultures expressed a 92-kD GL, all four rheumatoid synovial fibroblast cultures did (Fig. 1 A) . These observations have now been extended to nine other patients (data not shown). The 92-kD GL was shown to be a metalloproteinase by complete loss of zymographic activity in the presence of 1,10 phenanthroline (2 mM) in the substrate buffer during the 18-h incubation period (Fig. 1 B) . PMSF (1 mM), a serine proteinase inhibitor, and pepstatin A (1 mM), an acid proteinase inhibitor, had no effect on the ability ofthe GL to degrade gelatin. A 68-kD GL, which was also 1,10 phenanthroline-inhibitable, was expressed by all fibroblast types studied (Fig. 1 A) .
The higher molecular weight GL produced by rheumatoid synovial fibroblasts comigrated with the 92-kD GL secreted by macrophagelike U937 cells stimulated with PMA and LPS (Fig. 1 A) . To see whether the fibroblast and macrophage GLs were immunologically cross-reactive, immunoblotting studies were done using an antibody, MH-1, which recognized the 92-kD GL expressed by activated macrophages and neutrophils (14) . A 92-kD band in media conditioned by rheumatoid synovial fibroblasts was recognized by this antibody; no such band was present in media conditioned by normal fibroblasts (Fig.  2) . Conditioned medium from stimulated cultures of U937 cells was used as a positive control and indeed a band at 92-kD in U937 conditioned medium was recognized by this antibody. The 68-kD GL, which migrates as a 72-kD band upon reduction (14) , is also recognized by MH-l and was present in media conditioned by normal dermal fibroblasts, as well as by rheumatoid synovial fibroblasts, consistent with the zymographic results (Fig. 1) . This antibody did not react with a protein with an apparent molecular mass of -70 kD present in U937-con- 43 and subjected to immunoblot analysis using the anti-GL antibody, MH-1. The antibody identified a band at 92 kD (arrow) in medium from rheumatoid synovial fibroblast and U937 cultures. The 68-kD GL (asterisk) was also recognized in the fibroblast cultures. A similar filter stained with normal rabbit serum failed to resolve either the 92-kD or 68-kD bands (data not shown).
ditioned medium, which displayed some gelatinolytic activity on the substrate gel (Fig. 1 A) . This band was found to be a component ofthe serum (10% FBS) present in the U937-conditioned medium (data not shown).
Northern blot analysis using cDNA probes for the 92-kD GL and the 68-kD GL was performed on total cytoplasmic RNA extracted from dermal and rheumatoid synovial fibroblasts. Consistent with zymographic and immunoblot results, mRNA for the 92 kD GL was strongly expressed in rheumatoid synovial fibroblasts but not in dermal fibroblasts (Fig. 3) . The 68-kD GL was expressed in both cell types at the mRNA level, consistent with protein results, with expression levels being 1.5-2.0-fold higher in rheumatoid fibroblasts.
Regulation ofthe 92-kD GL in normal dermalfibroblasts by cytokines. A variety of cytokines have been detected in the synovial fluid and tissue from patients with rheumatoid arthritis (34) (35) (36) (37) (38) (39) . A number ofthese were screened for their ability to induce expression of the 92-kD GL in normal dermal fibroblasts. Cytokines were applied to CRL 1471 cells or primary dermal fibroblasts in DME-LH for 48 h in roughly equimolar concentrations, including concentrations known to stimulate CL expression. Conditioned media were then collected and electrophoresed on gelatin substrate gels. TNF-a (1 1.8 nM), LT (10.5 nM), and, to a lesser extent, IL-1,8 (0.4 nM) each induced expression ofthe 92-kD GL (Fig. 4 A) . At these doses, IL-1IS, TNF-a, and LT caused a roughly equivalent expression of CL activity (5.7, 5.5, and 4.9 U/bI6 cells per 48 h, respectively) (Table I ). Concentrations of0.1 nM TNF-a, 0.1 nM LT, and 0.01 nM IL-Ip were necessary for maximum induction of the 92-kD GL, with TNF-a inducing the highest levels of expression (Fig. 4 B) . Treatment with PDGF (3.3 nM) or bFGF (5.6 nM) both increased CL activity (2.37 and 3.62 U/106 cells per 48 h, respectively) but no stimulation in levels ofthe 92-kD GL was detected (Table I) . IL-6, TGF-a, CSF-1, TGF-13, and IFN-y failed to induce either CL activity or expression of the 92-kD GL (Table I, Fig. 3 A) . Expression patterns ofthe 92-kD GL, the 68-kD GL, and CL in response to IL-lI#, TNF-a, and LT were also examined by Northern blot analysis (Fig. 3) . mRNA for the 92-kD GL was inducible by 0.1 nM TNF-a and LT, but weakly compared to constitutive levels present in rheumatoid synovial fibroblasts. The 68-kD GL was inducible in a dose-responsive manner by IL-1B and TNF-a, consistent with zymographic results (Fig. 4 B) . In the dose range tested, LT had no effect on expression ofthe 68-kD GL. CL mRNA was stimulated in a dose-dependent manner by all three cytokines. IL-I, TNF-a, andLTreinduce expression ofthe 92-kD GL by late passage rheumatoid synovial fibroblasts. The expression of the 92-kD GL by rheumatoid synovial fibroblasts decreased with passage in culture (Fig. 5 A) . In contrast, the expression ofthe 68-kD GL did not decrease with time and in fact was increased in cultures ofhigher passage number. Fibroblasts carried in culture until the 92-kD GL was no longer expressed were treated with IL1-fl, TNF-a, or LT at doses shown to stimulate expression of the 92-kD GL in normal dermal fibroblasts (Fig. 5 B) . All three cytokines did reinduce expression of the 92-kD GL, with concentrations of 0.01 nM TNF-a, 0.01 nM LT, and 0.001 nM IL-I, necessary for maximum stimulation. In comparison to normal dermal fibroblasts, however, rheumatoid synovial fibroblasts were more sensitive to all cytokines, but particularly to IL-lfI; maximum expression of the GL occurred at a 10-fold lower cytokine concentration with more GL being expressed at that maximum.
Discussion
The inflammatory mass ofthe rheumatoid synovium (pannus) consists of many cell types, including macrophages, lymphocytes, and fibroblasts. The network ofinteractions among these cells may be associated with the perpetuation of the degenera- Normal dermal fibroblasts grown at 6 x 104 cells/cm2 were treated 48 h after plating with cytokines at the indicated concentrations. The presence of the 92-kD GL in 48 h-conditioned medium was monitored by substrate gel analysis, as described in Methods. Total collagenolytic activity in the conditioned media was quantified by 14C-collagen fibril assay. ND, not done.
This GL, which has been cloned and described by Collier et al. (32) , shares some substrate specificity with the 92-kD GL (16) , although the full complement of substrates of either GL, but particularly of the 92-kD GL, however, has yet to be explored. Because of this, the relative intensities of the zones of lysis created by the 68-and 92-kD gelatinases on the gelatin substrate gel may be misleading in terms of their physiological significance. Although they can both degrade gelatin and collagen types IV and V in a number of assays (14, 16, 38) , their comparative specific activities against these and other substrates are unknown largely due to interference by the inhibi- of collagen types I-III (10) by cleaving at a site within the triple helix resulting in 3/4 and 1/4 fragments (1 1) that denature spontaneously at body temperature. The resultant gelatin is degraded by other metalloproteinases such as the 92-kD GL, which have a high specific activity for denatured collagens (14) (15) (16) 40) . This gelatinolytic activity is important not only for efficient solubilization and presumably clearing of the cleaved collagens but its action also appears to potentiate the activity of collagenase itself (13) . Other substrates of the 92-kD GL include collagen type V, which is ubiquitous in distribution, and type XI, of cartilage, both of which are also resistant to digestion by collagenase and are components of interstitial fibrils. Type IV collagen, also impervious to collagenase degradation, is cleaved by the 92-kD GL (16) . The constitutive expression of the 92-kD GL by the rheumatoid synovial fibroblast, therefore, is consistent with the matrix-degrading phenotype of these cells.
We have demonstrated expression of the 92-kD GL by rheumatoid synovial fibroblasts by three criteria: (a) gelatinolytic activity at the appropriate size by gelatin zymography; (b) immunologic cross-reactivity with a U937 cell line-expressed 92-kD GL; and (c) presence of the mRNA for 92-kD GL as detected by Northern blot analysis. We were unable to demonstrate an increase in total gelatinolytic or type V collagenolytic activity expressed by the rheumatoid synovial fibroblasts, however, due to interference by the 68-kD GL. This 68-kD gelatinolytic metalloproteinase, which migrates at 72 kD after reduction, is also strongly expressed by rheumatoid synovial fibroblasts. Unlike the 92-kD GL, however, it is also prominent among the metalloproteinases expressed by normal fibroblasts. (34, 35) , CSF-1 (39) , and TNF-a (36) , and lymphocyte products, such as LT (41) and IFN-'y (42). These cytokines and others were tested on normal dermal fibroblasts and screened for their ability to induce two aspects ofthe rheumatoid synovial phenotype, namely expression of CL and the 92-kD GL. TGF-fl, which is detected in synovial rheumatoid synovial effusions (38), IFN-y, which is presumed to be present in synovial tissue (42), IL-6, which is produced by rheumatoid synovium (37) , and TGF-a, which is expressed by activated macrophages (6), did not induce expression of either metalloproteinase. A number of cytokines, namely IL-lI3, TNF-a, LT, PDGF, and bFGF, did stimulate CL expression, consistent with previous reports (3, 5, 43, 44) . Of all of the cytokines tested, only three of them, TNF-a, LT, and IL-1,B, stimulated expression ofthe 92-kD GL by normal dermal fibroblasts, with TNF-a being the most potent inducer. However, the maximum level ofexpression inducible by these cytokines was less than that seen produced by rheumatoid fibroblasts constitutively, suggesting that a more complex induction pathway has led to expression ofthe 92-kD GL in these cells. Treatment of normal fibroblasts with IL-If, TNF-a, and LT also demonstrated that expression of the 92-kD GL, the 68-kD GL, and CL were independently regulated by these cytokines. Although the relative levels of the 92-kD GL mRNA in induced normal fibroblasts are too low to make judgments about dose responsiveness by Northern analysis, the high specific activity of this gelatinase for the gelatin substrate has allowed evaluation of its inducibility in normal fibroblasts by zymography. These results also demonstrate independent regulation ofthe three metalloproteinases by the inflammatory cytokines.
The expression of the 92-kD GL by rheumatoid synovial fibroblasts decreases with passage in culture. Passage number can be as high as 8 before its expression does decrease, further demonstrating that macrophages are not the source of this metalloproteinase in our cultures. Rheumatoid synovial fibroblasts that were passaged until they lost the induced phenotype were also stimulated to reexpress the 92-kD GL by IL-1Bf, TNFa, and LT. Compared to normal fibroblasts, they showed an increased sensitivity to all three cytokines, but particularly to IL-13, consistent with the increased CL and PGE2 responsiveness of these cells to this cytokine. This is perhaps due to some presensitization acquired by exposure to the cytokine milieu in vivo.
IL-lI has long been considered a primary candidate as at least one of the cytokines responsible for stimulation in vivo of synovial fibroblasts in rheumatoid arthritis. The evidence for this includes its ability to stimulate CL and PGE2 expression (3, 45) , its role as a mitogen for fibroblasts (46) , its presence in synovial fluid (35) , and its production by freshly isolated (macrophage-inclusive) synovial tissue (34) . Many of these features are applicable to TNF-a and LT, which share the same cellular receptor (47) , and stimulate biological activities similar to IL-1# (41, 44) . They stimulate PGE2 and CL production by rheumatoid synovial fibroblasts, although they are less potent than IL-1,8 in doing so (44 (5, 44) , suggests a role for these cytokines, in addition to IL-I fl, in potentiating the matrix degradative phenotype of rheumatoid synovial fibroblasts. The expression of the 92-kD GL was regulated independently of the 68-kD GL and CL.
